In order to understand the spatial loss in strabismic amblyopia and its relationship to the contrast sensitivity deficit, we measured alignment performance for a three element vertical alignment task in which the elements were equi-visible, spatial Gabors. We derived the threshold and bias and compared these for stimuli of different spatial scale and eccentricity. Our results suggest that: (1) the deficits for alignment thresholds and bias are uncorrelated; (2) in the majority of strabismic amblyopes, both deficits are scale invariant; (3) the form of the regional distribution depends on the spatial measure used and the scale at which it is measured; and (4) there is a poor correlation between the deficit for either spatial measure and the contrast sensitivity loss.
INTRODUCTION
There is now consensus that humans with the developmental condition amblyopia have a number of different visual deficits. These involve not only contrast sensitivity, but also positional sensitivity (among others, Levi & Klein, 1985; Rentschler & Hilz, 1985; Hess & Holliday, 1992) . While the nature of the contrast sensitivity deficit is now relatively well understood, the nature and relationship of the deficit in positional sensitivity remains unclear.
The deficit in positional sensitivity in amblyopia is believed to be of two different forms; elevated thresholds (Rentschler & Hilz, 1985; Bradley & Freeman, 1985; Levi & Klein, 1982 Levi et al., 1987; Bedell et al., 1985; Barbeito et al., 1988; Lagr6ze & Sireteanu, 1991; Hess & Holliday, 1992; Hess & Field, 1994) and deficits in perceived position or bias (Bedell & Flom, 1981; Bedell et al., 1985; Rentschler & Hilz, 1985; Fronius & Sireteanu, 1989; Lagr6ze & Sireteanu, 1991; Sireteanu et al., 1993; Hess & Holliday, 1992) . Some headway has been made concerning the relationship between the deficits for contrast and positional thresholds. Namely, in anisometropic amblyopia, the positional threshold deficit can be adequately accounted for by the contrast sensitivity loss Hess & *McGill Vision Research, Department of Ophthalmology, McGill University, 687 Pine Avenue West, Room H4-14 Montreal, Quebec, Canada, H3A 1A1. tTo whom all correspondence should be addressed.
Holliday, 1992; Levi & Klein, 1982 . This is not the case for strabismic amblyopia where there are deficits for positional thresholds for either equally detectable (Hess & Holliday, 1992) or acuity scaled stimuli (Levi & Klein, 1982 . A number of important issues, however, remain unanswered concerning the positional sensitivity deficit in strabismic amblyopia.
First, what is the relationship between the deficits for alignment thresholds and perceived point of subjective equality? While there are numerous reports of both elevated spatial thresholds and anomalies of perceived position in amblyopia (Rentschler & Hilz, 1985; Barbeito et al., 1988; Fronius & Sireteanu, 1989; Lagr~ze & Sireteanu, 1991; Sireteanu et al., 1993; Hess & Holliday, 1992) , their relationship is unclear. We do not know for example whether these deficits covary, as they would if they had a common cause. Furthermore, we do not know how either of these anomalies relate in general to the degree of amblyopia or more specifically to the contrast sensitivity deficit at a particular scale.
Second, how do each of these deficits vary with the spatial scale of the stimuli used to measure them? The spatial frequency, size and separation of the elements used in assessing alignment performance were manipulated by changing the viewing distance to the display screen, thus creating spatially scaled versions of the stimulus (see Fig. 1 for illustration). We use the term "spatial scale" to describe these scaled versions of our stimulus as we feel this is relevant to the proposed selfsimilar architecture of the visual system (Koenderink & 2771 (Koenderink & 2772 R. DEMANINS and R. F. HESS FIGURE 1. Example of fine and coarse-scaled stimuli, each individually adjusted to test the extremes of a subject's visible spatial range.
van Doorn, 1982; Watson, 1987) . Tile results of Hess and Holliday (1992) suggest that the deficit for positional thresholds is invariant with spatial scale in the vast majority of amblyopes. This is a potentially important finding which needs to be replicated. It suggests not only that the same relative disturbance affects each underlying self-similar detector array but also that the alignment threshold deficit cannot be considered in absolute spatial units. Also it is important to know how the bias deficit varies with spatial scale, an issue never before addressed.
Third, how do each of these deficits vary across the visual field?
The little information that we have concerning the visual loss in strabismic amblyopia suggests that it is confined to central vision. However, this is exclusively from measurements of contrast sensitivity (Hess & Pointer, 1985) . Very little is known about the regional distribution of the positional deficit.
What is known is solely in terms of the bias deficit and the relationship with eccentricity appears to be task specific. Using a vertical alignment task, Fronius and Sireteanu (1989) have suggested that the positional deficit is confined to central vision and that it results from anomalous binocular interactions. Using a match to circle task, Lagr6ze and Sireteanu (1991) observed that the bias deficit increased with eccentricity (radii: 2, 4 and 6 deg).
Finally, what is the relationship between the spatial and contrast deficits? The results of Hess and Holliday (1992) suggest that there is no strong correlation (r 2 = 0.38) between the deficits for spatial threshold and contrast sensitivity in strabismic amblyopia. This runs contrary to the claim made by Bradley and Freeman (1985) that the underlying cause of the spatial deficit is reduced signal strength. This is an important issue to resolve, not only for the measure of alignment threshold but also for the spatial measure of bias, because it bears directly upon this previously proposed explanation.
These are elementary questions that need to be answered before models of the neural deficit can be developed. For example, if the spatial deficit in strabismic amblyopia is due to a topological disruption of the cortical map (Hess et al., 1978; Hess, 1982) , the local directions of these distortions will determine whether the amblyopic deficit involves mainly bias or threshold elevation. Furthermore, if this topological disruption is a consequence of abnormal binocular interactions resulting from non-corresponding stimulation of the two eyes (Fronius & Sireteanu, 1989; Sireteanu et al., 1993) , both deficits should be more exaggerated at the finer scales supported by central vision. If the positional loss has evolved from this regional suppression, the adaptation must not only develop to avoid the confusion but also the diplopia, and thus the positional deficits should also be asymmetric, extending into the near temporal field of esotropes (Sireteanu, 1982) .
In the present experiment we address each of these four issues by measuring alignment performance in the dominant and fellow amblyopic eyes of a group of strabismic amblyopes. We use a three element alignment task comprising spatially narrowband stimuli whose contrast is set to be a constant multiple of detection threshold. This allows us to factor out the influence of the contrast sensitivity loss and measure the deficit in spatial coding per se. We compare our derived measures of positional threshold and bias for stimuli of different spatial scale and eccentricity. Our results suggest that:
1. The deficits for alignment threshold and bias are uncorrelated; 2. In the majority of strabismic amblyopes, both deficits are scale invariant; 3. The form of the regional distribution depends on the spatial measure used and the scale at which it is measured; and 4. There is a poor correlation between the deficits for either spatial measure and contrast sensitivity.
METHODS

Psychophysics
All the stimuli were presented on a Joyce Electronics display screen with a P4 phosphor. The display was refreshed at 99 Hz, and had a vertical 100 kHz raster. The dimensions of the display area were 30 × 20 cm. The mean luminance of the display was 300 cd/m 2. The stimuli were generated by a Cambridge Electronic Design VSG/2 graphics display controller (TMS34010/ TMS320C25). The host was a Compaq 386/20. The display was viewed monocularly. Eccentricity was varied along the horizontal meridian of the nasal visual field, thus the blind spot was avoided.
Stimuli
The stimuli were all patches of sinusoidal grating enveloped in both the x-and y-dimensions by a Gaussian envelope (see Fig. 1 ). These stimuli are commonly referred to as "Gabor" patches. The orientation of the grating component of the stimuli were vertical, and the envelope was circularly symmetric.
The form of the Gabor functions was thus typically:
where A is the amplitude of the function, and a is the standard deviation of the Gaussian envelope defining the patch. The choice of sinusoidal modulation at sine phase ensures that there is no mean luminance component in the stimulus. At 1 m, the Gabor patches had a peak spatial frequency of 2.6 c/deg, a Gaussian standard deviation of 22.6 min and were separated from each other by five standard deviations of the Gaussian (1.88 deg at 1 m).
Spatial scale
In absolute terms, the spatial frequency, standard deviation of the Gaussian envelope and separation of the patches varied as a consequence of changing the viewing distance, creating spatially scaled versions of the stimulus (see Fig. 1 for illustration). We determined the "fine scale" for a particular amblyope as the furthest viewing distance (2-9 m) at which all three Gabor stimuli could be presented at 10 dB above their individually measured contrast thresholds. We determined the "coarse scale" for a particular amblyope as the closest viewing distance at which we could carry out the measurements, again at a suprathreshold contrast of 10 dB. In most cases this was 1-0.5m and, even for the most severe amblyopes, this corresponded to, at least, a factor of two closer than the finest scale. Although we have chosen to represent this scaling in our data (Figs 6, 7, 13 and 14) as a function of the envelope size of the Gabor patches at the testing distance determined for the fine and coarse scale for each individual amblyope, it is important to bear in mind that spatial frequency and element separation are also affected by this type of scaling procedure. In principle, since spatial thresholds for non-abutting stimuli involve non-linear operations, the role of spatial frequency will not be major. We believe that both envelope size and separation are equally important. To support this we provide data in Fig. 8 .
Alignment threshold and bias
In the experiments we measured the thresholds and bias with which a single Gabor patch could be localized on the horizontal bisector of the mid-point of the line joining the centers of two outer vertically aligned patches. Sub-pixel spatial thresholds were achieved by recomputing each newly located stimulus instead of simply repositioning the stimulus in the frame store. The majority of the measurements were obtained using the method of constant stimuli in which the temporal presentation time was limited (Gaussian temporal spread = 200 msec). In this method, a set of stimuli covering the range of interest is used, which in our case was the range over which the central patch was seen to change from being to the left to being to the right of alignment with the reference patches. The stimuli were presented repeatedly in randomized order using a one interval temporal forced choice (IlFC) technique without feedback (220 trials per estimate). The observers' task where A is the number of presentations per stimulus condition, B is the bias of the function relative to zero, and C is the slope parameter of the function, which corresponds to the standard deviation of the assumed normal distribution and represents the alignment threshold. Each datum represents the mean of two to four estimates, the error bars representing the standard error of the mean. In a few cases (5/22 subjects) the method of adjustment was used. In these cases, 10 measurements were made for the alignment of the middle element and the mean (bias) and standard deviation (threshold) were calculated.
Contrast thresholds
Detection thresholds were determined for the central stimulus alone (central fixation) and for the two peripheral stimuli jointly (central fixation) at each eccentric locus tested• This was done using a method of adjustment (five settings) with extended viewing with a presentation time Gaussian spread of 200 msec. Contrast was controlled by varying a (14 bit) voltage from the digital signal generator and multiplying it by the Gabor stimuli output from the frame store, the contrast of which could also be scaled (8 bit resolution). This provided accurate estimates of contrast threshold as the Joyce display screen has a linear Z-amplifier. The contrast of all stimulus elements was set to be 10 dB above their contrast threshold for all eccentricities.
Subjects
We show results for 22 subjects, all of whom had strabismic amblyopia of varying degrees. The details of FIGURE 4. Illustrative cases of subjects whose dominant eye exhibits a bias, in two of these instances (MK and GC), the amblyopic eye also shows elevated thresholds (see Table 2 ), however, for MK, this does not translate into a significant bias. Spatial parameters (spatial frequency "sf" and the standard deviation of the Gaussian envelope "tr") are indicated.
their clinical condition and ophthalmic history are shown in Table 1 For the spatial bias, a negative value represents a perceptual rightward shift; a positive value, a leftward shift in subjective alignment.
eye displays no significant bias. These amblyopic eyes display spatial uncertainties that were between 3.5 and 6 times that of the dominant eye. The spatial conditions under which each of these was measured is given adjacent to each graph. The stimuli were spatially scaled by changing viewing distance so that the carrier frequencies were approximately a factor of two lower than the acuity limit of the amblyopic eye. Contrast thresholds were measured for these stimuli and they were subsequently displayed at 10 dB above their individual contrast thresholds. Figure 3 shows results from three amblyopes in which the amblyopic eye exhibits a bias. In two of these cases (BT and MS), the amblyopic eye also has elevated thresholds (around a factor of three). In one case (EM) there is no statistical difference between the alignment threshold of the dominant and fellow amblyopic eye. The size of the bias deficit ranges from 4.4 min leftwards to 19.3 min rightwards (see Table 2 ). The results depicted in Fig. 4 are for three amblyopes whose dominant eyes display biases. The fellow amblyopic eyes have, in two of the three cases, elevated thresholds (range from a factor of 1.7 to a factor of 15) but in only one case is a significant bias exhibited (GC).
There is clearly no one simple relationship between alignment threshold and bias in these amblyopic eyes in general. There are clear individual differences within the amblyopic population. The fact that there is no single relationship between these two measures of spatial performance is also seen in the responses of a larger population of strabismic amblyopes (n = 20-22). These results (Fig. 5) were collected using one of two different methods (constant stimuli or method of adjustment) for stimuli of either fine or coarse scale. Only 5 of our 22 subjects were tested with the method of adjustment (RC, FF, AF, AR and MH). There was no significant difference between the results obtained with these two methods and so the data are plotted together. The stimulus characteristics and geometry were as described in the Methods. The fine scale refers to the furthest distance at which the stimulus was viewed such that all Gabor elements were 10 dB above their individual detection thresholds. The coarse scale refers to a viewing distance a factor of two to six closer than that of the fine scale. Thus the viewing distance was adjusted for each amblyope so that the stimuli spanned their visible spatial range and we endeavoured to test at either extreme of this range (i.e. at a fine and coarse scale). In Fig. 5 , the alignment threshold deficit (difference between the slope parameter of dominant and fellow amblyopic eyes) is plotted against the bias deficit (difference between the bias parameter of dominant and fellow amblyopic eyes) for the fine scale (relative to each amblyope's spatial range) and for a coarse scale (A and B, respectively). Negative delta bias values result if the bias in the fellow dominant eye is larger. The solid line gives the prediction for a proportional relationship between the two measures. There is very little correlation at a fine (r 2 = 0.22) or coarse scale (r 2 =0.005) between these two spatial measures.
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. Regional distribution of alignment thresholds at the fine scale for five of the ten selected strabismic amblyopes. Stimulus characteristics (spatial frequency "sf" and the standard deviation of the Gaussian envelope i.e. "a") are indicated. Eccentricities shown are along the nasal visual field. All stimuli were presented at 10 dB above contrast threshold. Error bars represent the standard error of the mean and are at times smaller than the symbol sizes.
Spatial scale. Hess and Holliday (1992) suggested that elevated alignment thresholds in the central visual field of strabismic amblyopes are scale invariant and as a consequence it should not be thought of as a fixed spatial dimension even in a single subject. There were, however, two clear exceptions in their data where the invariance rule did not hold. Here we investigate this issue further on a larger group of amblyopes to not only assess Hess and Holliday's assertion for the fovea, but also to assess whether similar invariance holds in the peripheral field of the amblyopic eye. In Figs 6 and 7, alignment threshold is plotted against spatial scale for the dominant (open symbols) and fellow amblyopic eye (filled symbols) for the fovea (circles/dashed lines) and periphery (squares/ solid lines). The fine spatial scale was adjusted for each subject and represents the furthest viewing distance at which all the Gabor elements comprising the stimulus were 10 dB above threshold in the amblyopic eye. Spatial scale is plotted in terms of the size of the standard deviation (a) of the Gaussian envelope but note that in Seven of our ten amblyopes (Fig. 6 SP, AC, EM, CT, HC; Fig. 7 MS, CC) exhibited a scale invariant deficit in spatial alignment for central vision as described by Hess and Holliday (1992) . Of the two subjects who did not obey this rule (Fig. 7 VE and OA) , both showed a larger deficit at a finer scale, similar to the two deviant cases in Hess and Holliday's study. One subject (Fig. 7 JC) did not have a significant deficit. Interestingly, only five of these seven amblyopes exhibited the same scale invariant behaviour when tested peripherally. In two cases (Fig. 7 MS and CC) the peripheral deficit was greater at the finer scales. In the two cases where scale invariance was not found to hold centrally ( Fig. 7 VE and OA) , in one case the peripheral deficit did show scale invariance (VE) whereas in the other, the alignment deficit, like its central counterpart was greater at finer scales (OA). Although it is clear that there is a considerable amount of individual variation, the picture that emerges is that both for central and peripheral vision, the alignment threshold deficit in amblyopia is not exclusively confined to fine scales. Large scales are also affected. In the majority of cases, large and fine scales are affected equally. In some cases, however, fine scales are affected more. Although spatial scale is plotted in terms of element size (a of Gaussian envelope), in scaling our stimuli by changing viewing distance, we vary both element separation and size. To show that both are important we did two supplementary experiments: in one element separation was fixed and its size varied [ Fig. 8(A) : three subjects] whereas in the other element separation was varied and its size was held fixed [ Fig. 8(B) : six subjects]. All the results are plotted in terms of the quantity, "separation/size of Gaussian envelope (tr)". In the majority of subjects (7/9) the positional deficit (ratio of positional thresholds between the eyes) depends upon this quantity regardless of whether it is varied by separation changes or Gaussian size changes. Thus scale embodies both element size and separation (see also, Burbeck & Hadden, 1993; Hess & Badcock, 1995; Burbeck & Pizer, 1994) .
Regional distribution. The regional distribution of the contrast sensitivity deficit in strabismic amblyopia is known to involve mainly central vision (Hess & Pointer, 1985) . The more severe the contrast sensitivity deficit, the larger the central region affected. Furthermore, the deficit is distributed in an asymmetric fashion across the central field. In general, esotropic amblyopes exhibit a greater loss in the near temporal field (Sireteanu & Fronius, 1981; Hess & Pointer, 1985) . Exotropic amblyopes would be expected to exhibit a greater loss in the nasal field, however, consistent reports of this asymmetry are lacking mainly because primary cases are so rare. Here we are interested in addressing three related issues which bear upon the nature of the spatial dysfunction in strabismic amblyopia.
• First, is the deficit for spatial localization evenly distributed across the field or is it just confined to the fovea?
• Second, does its regional distribution depend on the spatial scale at which it is measured?
• Third, is there an asymmetric distribution of the positional deficit in esotropic and exotropic forms of the disorder? coarse scale (squares). For one subject (JC), the foveal loss was so small that it is difficult to say anything about its regional distribution at either scale. Of the remaining subjects, five (MS, CC, VE, SP and EM) exhibited a spatial deficit at the fine scale which largely remained unaltered at the most eccentric location tested. In four cases (OA, AC, CT and HC), the deficit in the periphery was significantly less than that of the fovea. It is worth noting that, for the scale being tested we made measurements out to the most eccentric point for which the individual stimuli of maximum contrast (95%) could be presented at 10 dB above threshold. In other words, at each scale we measured sensitivity over the full visible range for the 10 dB criterion. The distribution of the anomaly at the coarse scale tested (Figs 11 and 12) shows a different picture. Seven subjects (SP, AC, CT, HC, MS, CC and OA) exhibited central field deficits which were not present or significantly reduced in the periphery. One other subject (EM) exhibited central and peripheral deficits at the coarse scale which were largely invariant with eccentricity. Of the two remaining subjects, one (JC) did not exhibit a consistent deficit at the coarse scale foveally or peripherally and the other (VE) exhibited only a peripheral deficit. Two things are clear from these results. Firstly, the way in which the spatial deficit is distributed does depend upon the scale at which it is measured, the anomaly being more evenly distributed across the field at fine than at coarse scales. Secondly, the distribution of the anomaly and its scale dependence varies between amblyopes. One possible confounding factor is that we have only examined one hemifield, namely the nasal. There is every reason to expect that if the spatial loss results from regional suppression being present under binocular viewing in infancy then the temporal field may be more severely affected in esotropia and the nasal field more severely affected in exotropia. To ascertain whether the spatial deficit is distributed differently in the nasal and temporal field in these two forms of strabismus we compared alignment thresholds at the fine scale in both hemifields for two esotropes and two exotropes. The results are displayed in Fig. 13 . In the case of the two exotropes ( Fig. 13 SP and VE) , the expected nasotemporal asymmetry was observed with thresholds normalizing in the temporal but not nasal visual field. The complementary naso-temporal asymmetry was, however not observed in the two esotropes ( Fig. 13 HC  and MS) . No marked naso-temporal asymmetry was observed for spatial thresholds in either case, although in the case of HC, alignment sensitivity normalizes in the periphery whereas for subject MS it does not. We conclude that the naso-temporal asymmetry previously reported for acuity and contrast thresholds in esotropes (Sireteanu & Fronius, 1981; Hess & Pointer, 1985) is not a general feature of the spatial sensitivity loss for easily detectable stimuli, at least at the fine scale. function of stimulus scale for centrally (circles) and peripherally (squares) located targets. For central vision, the bias either exhibited scale invariance (AC, CT and VE) or was larger at the coarser scale (SP, EM, MS, CC and JC). In the majority of cases, the dominant eye did not exhibit any significant bias at either scale. The exceptions were subjects OA, VE and JC whose dominant eye exhibited a large bias at the coarse scale, and subject AC whose dominant eye exhibited a significant bias at both scales. For peripheral vision, most amblyopic eyes exhibited significant biases which were either scale invariant (SP, AC and JC) or worse at the coarser scale (EM, CT, HC, MS, CC and VE). In some cases, the dominant eye also exhibited significant biases (i.e. subjects AC, CC and OA). Figs 16-19 for the dominant and fellow amblyopic eyes of 10 strabismic amblyopes. In the majority of cases (8/10 for both scales), the differences between the bias of the dominant and fellow amblyopic eye increased with eccentricity. In most of these cases, the bias in the dominant eye remained constant with eccentricity, whereas the bias in the amblyopic eye increased with eccentricity. In four cases, the relationship was quite unusual. Amblyope AC displayed a similar non-zero bias in both eyes for both scales which was invariant with eccentricity. Amblyopes EM and CC displayed a bias with their dominant eye which increased with eccentricity for both scales. Amblyope OA exhibited a significant bias with his dominant eye which was invariant with eccentricity at the coarse scale.
Regional distribution. The relationship between the bias and eccentricity is displayed in
In Fig. 20 we present summary scatter diagrams for not only the 10 subjects whose results have already been described in the previous sections but also for an additional 12 subjects from which we obtained only central field measurements. In (A) and (B), alignment thresholds and bias are compared for fine and coarse spatial scales. Foveal and peripheral data are included. The sloping line represents the situation where both scales are equally affected and this is an adequate description for most subjects for both foveal and peripheral data and for both alignment thresholds and bias. There are, however, some notable exceptions in terms of the positional threshold measure (OA) and the bias measure (CT). Interestingly, for alignment thresholds, deviations from the scale invariant prediction involve a greater loss for fine scales whereas for bias they represent a greater loss at coarse scales. This highlights the finding that the measures of alignment threshold and bias are not well correlated (see Fig. 5 ). The scatter diagrams in Fig. 20(C and D) compare foveal and peripheral alignment thresholds and bias for both fine and coarse scales. The sloping line represents the case where the spatial loss is evenly distributed across the visual field. For the threshold measure this is a good description for fine scales but at coarse scales, the foveal loss is greater. That is to say at coarse scales, the periphery is less affected. For the bias measure, the periphery is more affected at either scale.
In Fig. 20(E and F) we compare each of the spatial deficits (alignment threshold and bias) with the contrast sensitivity deficit measured with the same stimuli. There is very little correlation at either a fine or coarse scale between the contrast deficit and either of these two measures of the spatial deficit (alignment threshold r 2 = 0.01; bias r 2 = 0.03). 
DISCUSSION
It is now generally accepted that the visual deficit in strabismic amblyopia involves not only reduced contrast sensitivity but a disruption to the normal spatial metric with elevated positional thresholds, termed spatial uncertainty and an altered point of subjective equality or bias. Although a number of possible explanations for these deficits have been advanced (Bradley & Freeman, 1985; Levi & Klein, 1986; Levi et al., 1994a,b; Hess et al., 1978; Hess & Field, 1994; Fronius & Sireteanu, 1989; Brettel et al., 1982; Weiss et al., 1985) , very little is known about their inter-relationship and their respective dependence on such important parameters as spatial scale, contrast loss and visual field locus. Until such information is known across a large enough population of strabismic amblyopes, such theories are purely speculative. The present study takes a step in this direction by addressing four key questions which bear upon the nature and regional distribution of these different types of dysfunction in strabismic amblyopia.
Relationship between alignment threshold and bias
There have been four previous studies which have examined this relationship and produced discordant results. Bedell et al. (1985) found a correlation of 0.61(r 2) in a group of 23 strabismics. Hess and Holliday (1992) show individual cases where thresholds and bias are uncorrelated at different scales. Overall, their strabismics (nine subjects) exhibited a poor correlation between these two measures. Rentschler and Hilz (1985) and Fronius and Sireteanu (1989) also found a poor correlation between these two measures (r 2 = 0.07; n = 6 and r 2 = 0.29; n = 8, respectively). In the current study, we find only a poor population correlation between the deficits for positional thresholds and bias at either a fine (r E=0.22) or coarse (r2= 0.005) scale [ Fig. 5 (A) and (B)]. We show that this is because there is a great deal of individual variation in these two measures. Some amblyopes have elevated thresholds but no bias deficit, others show the opposite. Some amblyopes have a larger bias deficit in their dominant eye. Finally, the manner in which the deficits for positional threshold and bias are distributed across the visual field are quite different; the threshold deficit decreases in the periphery (centrally confined) whereas the bias deficit becomes exaggerated with eccentricity. These results suggest that alignment threshold and bias deficits are uncorrelated across the strabismic amblyopic population.
Deficit vs spatial scale
Spatial scale is an important consideration because various lines of evidence suggest that the visual system is comprised of self-similar arrays of detectors each analyzing the same part of the retinal image (Koenderink & van Doorn, 1982; Watson, 1987 FIGURE 20. Summary scatter diagrams for all 22 strabismic subjects tested. The alignment threshold deficit is quantified as a ratio of the alignment threshold of the amblyopic eye to that of the fellow dominant eye. The bias deficit is represented as the difference (A) in the bias of the amblyopic eye to that of the dominant fellow eye. Thus, a ratio of < 1 for the threshold deficit and a negative value for the bias deficit represent cases when the dominant fellow eye had a poorer performance. These are demarcated with dashed lines. Spatial scale: in (A) and (B), the spatial deficits in positional sensitivity (alignment threshold ratio) and bias (A bias) are compared at fine and coarse scales for both the fovea (n = 21; threshold: r 2 = 0.27; bias: r 2 = 0.32) and periphery (n = 10; threshold: r 2 = 0.06; bias: r 2 = 0.54). The correlation coefficient (r 2) for all the threshold data is 0.31 and 0.60 for selected data; r 2 = 0.66 for all the bias data and 0.70 for selected data. The sloping line represents the case where the deficit is scale invariant. Regional distribution: in (C) and (D), foveal and peripheral deficits in positional sensitivity (alignment threshold ratio) and bias (A bias) are compared for both fine (threshold: r 2 = 0.90; bias: r 2 = 0.31) and coarse spatial scales (threshold: r 2 = 0.12; bias: r 2 = 0.30) for 10 strabismic subjects (i.e. n = 10). The sloping line represents the situation where the spatial deficit is evenly distributed across the visual field. Contrast sensitivity deficit: in (E) and (F), the spatial deficits (alignment threshold ratio and bias, respectively) are compared with the contrast sensitivity' deficit for the same fine (n = 22; threshold: r 2 = 0.01; bias: r 2 = 0.003) or coarse-scaled (n --21; threshold: r 2 = 0.11; bias: #= 0.13) stimulus. The correlation coefficient (r 2) for the combined data is given in the figure. The sloping line represents the case where the positional and contrast deficits are of the same magnitude.
1993; Hess & Badcock, 1995; Burbeck & Pizer, 1994 ). An examination of how the positional deficit varies with spatial scale allows an estimation of the extent to which these different processing arrays are affected. In scaling our stimuli we concurrently vary the spatial frequency, the Gaussian envelope size and the separation. The bulk of the present evidence suggests that the carrier frequency is not the critical variable in this manipulation (Levi & Klein, 1992; Hess & Badcock, 1995) . Here we show (Fig. 8) that the deficit varies with the separation when measured in units of the size of the stimulus, therefore, both size and separation are important. Most previous studies have either disregarded spatial scale (Bedell et al., 1981; Fronius & Sireteanu, 1989) or worked at the finest scale (Rentschler & Hilz, 1985; is the study of Hess and Holliday (1992) who argued that spatial uncertainty is similar at fine and coarse scales in the majority of strabismics. This in turn led to their suggestion that it is misleading to think of the spatial deficit in amblyopia as an absolute spatial dimension, rather it should be thought of in terms of a fraction of the underlying scale of analysis because similar positional deficits are seen in amblyopia for small, closely spaced stimuli and large, widely spaced stimuli. In Hess et al. (1990) this is illustrated in terms of the initial linear filters, however, it is likely that because spatial frequency is not important that later stages of non-linear processing are involved (see Hess & Badcock, 1995) .
In the current study, we show that elevated alignment thresholds and bias deficits, in the majority of strabismic amblyopes, exhibit the kind of scale invariance first reported by Hess and Holliday (1992) . This is summarized by the extent to which the solid line in Fig. 20(A and  B) describe the foveal and peripheral data for alignment threshold and bias. There are some amblyopes for whom this rule is certainly inappropriate. In Fig. 20(A) subject OA is such a case for alignment threshold, and subject CT for the bias measure [ Fig. 20(B) ].
Regional distribution of deficit
Almost all previous studies have measured the positional threshold deficit in central vision and there is little or no information on whether it is evenly distributed across the visual field or restricted to central vision. One study which used a similar stimulus arrangement (Fronius & Sireteanu, 1989) has suggested that the distortion of monocular geometry (i.e. the alignment threshold and bias) is restricted to the central visual field in strabismic amblyopia (three subjects studied). However, in a later study using a match to circle paradigm, Lagr~ze and Sireteanu (1991) find that the difference in localization between the two eyes of strabismics increases with eccentricity over the range tested (6 deg).
Our results illustrate the importance of considering the spatial scale of the stimuli used to measure positional performance. We show that, in terms of alignment thresholds, the deficit is more evenly distributed across the visual field at the fine scale than it is at the coarse scale. This is summarized in Fig. 20(C) by the adequate fit of the solid line (even distribution prediction) to the open symbols (fine scale) but not to the closed symbols (coarse scale). In terms of the bias, the deficit is worse in the periphery. This is true regardless of the spatial scale at which it is measured. This is illustrated by the finding that most of the symbols (open and closed symbols for fine and coarse scales, respectively) fall above the solid line (even distribution prediction) in Fig. 20(D) .
However, one needs to be cautious when interpreting the bias measure. Normal subjects exhibit biases to various extents, the basis of which is poorly understood. For example, results from our laboratory and previously published results (Fronius & Sireteanu, 1989) demonstrate that some normal subjects exhibit biases which depend on eccentricity and which can differ in their two eyes. How might this impact on our conclusion that the bias deficit in strabismic amblyopia increases with eccentricity? In the vast majority of our subjects the way in which the bias deficit varied across eccentricity (see Figs 16-19) was not due primarily to the behavior of the dominant eye. It seems to us unlikely that the bias measure in the amblyopic eye has nothing to do with the amblyopia and that the bias deficit just happens by chance to be associated with a visual system that is also amblyopic.
Relation to contrast sensitivity loss
Initially Bradley and Freeman (1985) claimed that elevated positional thresholds followed as a consequence of the contrast sensitivity loss. Hess and Holliday (1992) measured alignment threshold deficits for strabismic amblyopes for equi-detectable, spatial frequency bandlimited stimuli and found that their results did not support Bradley and Freeman's claim. Hess & Holliday (1992) demonstrated that the spatial deficits were not a consequence of the poorer visibility of the stimuli (i.e. the contrast sensitivity loss). Alignment thresholds for the amblyopic eye remained elevated even when the stimuli were equated at the level of their detectability as compared to the dominant eye of the strabismic subjects. This was shown at a number of different spatial scales and is consistent with the previous claim by Levi and Klein (1990) that, at the finest scale, the contrast sensitivity and spatial losses in strabismic amblyopia were not causally connected. In the present study we extend our assessment of the relationship between the spatial and contrast losses to include:
1. Bias as well as thresholds; 2. The regional distribution; and 3. Scale dependence.
The overall correlation between either the alignment threshold or the bias and the contrast deficit is poor. This is true at coarse and fine scales. Figure 20 (E and F) summarize this. The correlation coefficient (r 2) between the contrast loss and the positional sensitivity loss at the coarse scale is 0.11 and 0.01 at the fine scale. The correlation coefficient (r 2) between the bias deficit and the contrast loss is 0.13 at the coarse scale and 0.003 at the fine scale. Furthermore, the naso-temporal asymmetry which is seen in acuity and contrast sensitivity studies (Sireteanu & Fronius, 1981; Hess & Pointer, 1985 ) of esotropes appears not to be a general feature of the spatial threshold deficit for easily detectable stimuli.
Addressing these four issues is important for the development of an adequate model for the dysfunction in strabismic amblyopia. One of the prominent findings of the present study is that the strabismic population as a whole is not homogeneous in terms of the spatial deficit. This variability is clearly evident across all the dimensions investigated in this study. We are confident that this variability is not due to errors of measurement. All thresholds were rechecked on a subsequent occasion and in the more deviant cases on more than one subsequent occasion. We found these individual differences to be robust. A second important issue concerns the lack of relationship between the deficits for alignment threshold and bias. A third finding was that, as a general rule, the spatial deficit is scale invariant in central and peripheral vision. This underlies the importance of not thinking about the spatial disorder in absolute spatial units. Assuming that the visual system has self-similar detector arrays (Koenderink & van Doorn, 1982) and operates over small distances with small scale detectors and over large distances with large scale detectors (Burbeck & Hadden, 1993; Hess & Badcock, 1995; Burbeck & Pizer, 1994) at least at the early stages where the amblyopic deficit might reside, it may be more useful to think of the amblyopic deficit in terms of a disruption which is a fraction of the scale of these underlying detectors. There are, however, cases for which this metric is inappropriate. Finally, the distribution of the spatial anomaly depends not only upon the scale at which it is measured but also whether the measure is alignment threshold or bias. Spatial uncertainty is more evenly distributed at fine scales than at coarse scales, where it involves mainly central vision. For bias, the periphery is more affected than the fovea for both fine and coarse scales.
There are two main explanations put forward to address the spatial loss in amblyopia; the first involves undersampling (Levi & Klein, 1986; Levi et al., 1994a) , the second, neural disarray (Hess et al., 1978 (Hess et al., , 1990 Hess & Field, 1994) . To account for the lack of any correlated contrast discrimination deficit in amblyopia (Hess & Field, 1994; Levi et al., 1994b Levi et al., ) levi et al. (1994b assume that, in the visual system, the contrast and position signals are processed along separate channels and that the position signal is subject to either undersampling or positional noise after the filter outputs have been combined to form a spatial representation. The dependence of both the positional sensitivity and bias losses as well as their regional distribution on the spatial scale of the test stimuli, shown in the current study, would only be consistent with a model in which spatial scale was an integral part. If the second stage representation was purely spatial (see Hess & Badcock, 1995) then one would need to postulate that the site of the amblyopic anomaly was before the filter outputs were combined. Furthermore, it is not immediately obvious how spatial biases would arise from an elevated level of positional noise. If the first explanation is correct then it also follows that the interpretation of broadband spatial targets may not be so straightforward since there is evidence that for such stimuli the normal and amblyopic visual systems may be working at different scales of analyses (Levi et al., 1994c) .
The neural disarray model (Hess et al., 1978; Hess & Field, 1994) of the spatial loss in amblyopia seeks to explain the spatial loss in terms of a disruption to the cortical topology (Hess et al., 1990) . That is, a cell's response is mis-labeled as coming from the wrong position in space [see illustration in Hess & Field (1994) ]. No specialized assumptions (for example no need to postulate different sites for contrast and positional coding) are required for this model apart from the now well accepted notions of there being univariant receptive fields of different sizes subserving the same region of the visual field, and an orderly map of the visual field contained within each population of detectors. Contrast is assumed to be encoded by the average output of ceils within a given area, which receives support from a recent study on perceived contrast (Brady & Field, 1995) . If the disruption within any one set of similarly sized cortical filters occurs evenly such that large areas of the field are displaced within the neural map, then it would result in a bias with unimpaired positional sensitivity. If on the other hand, the disruption is very local and in different directions, then eye movements will convert the sum total of the distortions into elevated positional thresholds without bias. Unsurprisingly, from the perspective of this model, the actual situation is somewhere between these two extremes. One of the main findings is that the loss of spatial sensitivity is scale invariant in the majority of our 22 strabismic amblyopes, which suggests that these disruptions have the same relative effects within different neural scale maps [see Hess et al. (1990) for illustration]. The finding that the regional distribution of the threshold deficit depends on spatial scale may suggest that the disruption affects only the central part of the field. This would have the consequence of being evenly distributed at fine scales which just encompass the affected region but displaying a non-even distribution for coarse scales which extend beyond the affected region. Within the affected region all scales would be affected equally. One novel finding for which we do not have a ready explanation concerns the increase in the spatial bias deficit with eccentricity.
If for some reason the topology of the cortical map becomes disrupted during development, we would speculate that an attempt would be made to rectify this to some extent, by self calibrating processes (sensory adaptation) within the visual system. This may be difficult to achieve in that mis-routed connections lead to failure of convergence of any one solution for corresponding points between the two eyes. This may explain some of the individual variability and the way in which the bias can be larger in the dominant eye and the amblyopic periphery. It may be that these findings represent imperfections introduced by attempts to compensate for the primary neural disarray of the amblyopic eye.
